New calculations were performed to investigate the combined response of the Greenland and Antarctic ice sheets to a range of climatic warming scenarios over the next millennium. Use was made of fully dynamic 3D thermomechanic ice sheet models, which were coupled to a two-dimensional climate model. The experiments were initialized with simulations over the last two glacial cycles to estimate the present evolution and were subsequently forced with temperature scenarios resulting from greenhouse emission scenarios which assume equivalent CO 2 increases of two, four, and eight times the present (1990 A.D.) value by the year 2130 A.D. and a stabilization after that. The calculations brought to light that during the next century (short-term effect), the background evolution trend would dominate the response of the Antarctic ice sheet but would be negligible for the Greenland ice sheet. On that timescale, the Greenland and Antarctic ice sheets would roughly balance one another for the middle scenario (similar to the IPCC96 IS92a scenario), with respective contributions to the worldwide sea level stand on the order of about Ϯ10 cm. On the longer term, however, both ice sheets would contribute positively to the worldwide sea level stand and the most important effect would come from melting on the Greenland ice sheet. Sensitivity experiments highlighted the role of ice dynamics and the height-massbalance feedback on the results. It was found that ice dynamics cannot be neglected for the Greenland ice sheet, not even on a century timescale, but becomes only important for Antarctica on the longer term. The latter is related to an increased outflow of ice into the ice shelves and to the grounding-line retreat of the west Antarctic ice sheet, which are both found to be sensitive to basal melting below ice shelves and the effective viscosity of the ice shelves. Stretching parameters to their limits yielded a combined maximum rate of sea level rise of 85 cm century Ϫ1 , of which 60 cm would originate from the Greenland ice sheet alone.
Introduction
There are increasingly convincing indications that the observed global warming of between 0.3Њ and 0.6ЊC over the last 100 yr bears the signature of human influence (Santer et al. 1995 (Santer et al. , 1996 . With greenhouse gas concentrations anticipated to rise further, it is predicted that the anthropogenic effect will lead to an additional global climatic warming of between 1Њ and 3.5ЊC by the end of the next century, with the likelihood of a larger warming after that date if greenhouse gas emissions are not greatly reduced (Houghton et al. 1996) . Calculations with GCMs indicate that this warming would be most pronounced in the polar latitudes, by up to a factor of 2-3 of the global average. A frequently mentioned aspect of such a climatic warming are changes in global sea level. On a decadal-to-century timescale, it is generally believed that the effects of thermal expansion and glacier melting will dominate the sea level response (e.g., Wigley 1995; de Wolde et al. 1997) . On the longer term, however, by far the largest potential contribution is to be expected from the ice sheets of Antarctica and Greenland, which would, if melted entirely, contribute between 70 and 75 m to the worldwide sea level stand. Although the entire melting of these ice sheets can be ruled out to occur within the next few centuries, even with a sustained warming of up to 10ЊC Huybrechts 1994a) , it is clear already that a few percent change in their volume would have wide-ranging implications for mankind.
The response of the Greenland and Antarctic ice sheets to future warming has been addressed in several modeling studies (Oerlemans 1982; Huybrechts and Oerlemans 1990; Huybrechts et al. 1991; Drewry and VOLUME 
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Morris 1992; Budd et al. 1994; Loutre 1995; Verbitsky and Oglesby 1995; van de Wal and Oerlemans 1997) . These studies underlined the fundamentally different climatic and glaciological settings of both ice sheets, which is well characterized by a 10Њ-15ЊC temperature difference in the annual mean. Whereas the Antarctic ice sheet is presently surrounded by ice shelves and located in a region where little or no surface melting occurs, the Greenland ice sheet is situated in a region where temperatures are high enough to cause widespread summer melting. As a consequence, the Antarctic ice sheet is generally expected to grow in a warmer climate because the increased accumulation rates associated with a warming would dominate over increased melting rates. Warming over the Greenland ice sheet, on the other hand, would strongly enhance melting at the margin and hence lead to a shrinking ice sheet. However, much would also depend on the magnitude and duration of the warming, and on how mass-balance changes are related to temperature and precipitation changes.
In recent state-of-the-art assessments, it is found that for a realistic range of warming over the next hundred years, the Antarctic and Greenland contributions to sea level change would largely balance each other and be on the order of about Ϯ10 cm (IPCC second scientific assessment; Warrick et al. 1996; de Wolde et al. 1997 ). However, these estimates either ignore the dynamic response of the ice sheets or assume that the ice sheets are in equilibrium with the present climate. Neither of these assumptions is probably well justified. Nor does it indicate that both ice sheets would continue to show a counteracting effect beyond the twenty-first century, even when temperatures would stabilize at their 2100 A.D. values.
When discussing the role of ice dynamics, two aspects need to be considered. First, because of the long reaction timescales introduced by isostasy, thermomechanical coupling, and the advection of ice with different rheological properties in the basal shear layers, it seems unlikely that the ice sheets have adjusted completely to their past history. Even in the absence of any presentday climatic perturbations, the Antarctic and Greenland ice sheets are expected to respond to past changes of their surface boundary conditions for a long time to come, in particular to those changes associated with the last glacial-interglacial transition. In effect, the imbalance of polar ice sheets provides the major source of uncertainty to explain the observed mean global sea level rise of 18 cm over the last century, only half of which can be accounted for by the mean estimates for thermal expansion and melting of small glaciers over the same time interval .
Second, it can be questioned whether it is really appropriate to study the response of ice sheets by integrating changes of the ice sheet mass balance forward in time without compensating for changes in ice sheet geometry (e.g., Wigley 1995; Raper et al. 1996) . This is because a changing mass balance will significantly affect the distribution of ice thickness and surface slope. The resulting changes in driving stress will influence the ice flow and thus the shape of the ice sheet, and this can in turn be expected to feed back on the mass-balance components. In Antarctica, there is the additional effect of changes in ice discharge from the grounded ice sheet into the ice shelves, and the possibility of groundingline migration. The latter directly affects the volume of grounded ice above floating, which is the relevant quantity controlling changes of sea level. A related aspect is the potential occurrence of unstable behavior in the west Antarctic ice sheet, with its buttressing ice shelves and bed so far below sea level, though the possibility of a rapid collapse is nowadays regarded as probably too dramatic Bentley 1997) .
In this paper, we make an attempt to address these issues and concentrate on the response of the Greenland and Antarctic ice sheets on a multiple-century timescale up to the year 3000. In particular the processes giving rise to a dynamic response as compared to a static approach are analyzed in more detail. These experiments are performed with high-resolution 3D thermomechanic models of the entire ice sheet-ice-shelf-lithosphere system. These are driven by climatic output generated by a two-dimensional climate/ocean model subjected to greenhouse emission scenarios, which assume concentration stabilization at various levels by the middle of the twenty-second century. To distinguish between the long-term ''background'' evolution and the anthropogenically induced response, the experiments were initialized with output originating from ice sheet runs over the last two glacial-interglacial cycles. Using updated mass-balance parameterizations, refined ice-dynamic treatments and a nonuniform forcing, these results extend previous work reported in Huybrechts and Oerlemans (1990) , Huybrechts et al. (1991) , Huybrechts (1994b), and de Wolde et al. (1997) .
The models
Here only a general outline of the model is given, and more details on the various formulations are presented in the appendixes. The entire model consists of four main components that, respectively, describe the ice sheet system, the solid earth, the surface climate, and the interface between the ice surface and the atmosphere (the mass-balance model).
Both the Greenland and Antarctic ice sheet models solve the fully coupled thermomechanical equations for ice flow on a high-resolution three-dimensional grid and include basal sliding and a temperature calculation within the bedrock. These models have a free interaction between climatic input and ice thickness, and are able to freely generate the ice sheet geometry in response to prescribed changes of sea level, surface temperature, and mass balance (snow accumulation minus ice ablation). A major distinction between the Greenland and
Antarctic ice sheet models is that the latter incorporates a coupled ice shelf model. Including ice shelf dynamics is required to enable interaction with the ocean and migration of the grounding line, which is the place separating the grounded from the floating ice domain. These models are described in more detail in appendix A and in Huybrechts (1990 and Huybrechts et al. (1991) .
The bedrock model describes the interaction between changes in the ice loading and the bed elevation. A twolayer isostasy model is employed. The time-dependent response of the bed depression is given by the viscous properties of the asthenosphere, which is overlaid by a rigid elastic lithosphere that determines the ultimate shape of the imprint. The deformation of the earth's crust is basically driven by the density contrast between ice and mantle rock. More details on the way that bedrock adjustments are treated are presented in appendix B.
The third component of the model is the mass balance, which represents the link between the ice sheet and the climate system (atmosphere and ocean). The mass-balance model distinguishes between the snowfall rate on the one hand and meltwater runoff on the other hand. Both are parameterized in terms of temperature. Lacking a convincing alternative, the precipitation rate is based on its present distribution and perturbed in different climates according to sensitivities derived from ice-core studies. This means that only the precipitation intensity can change, and that the effects of changes in atmospheric circulation and orography are not included, but an alternative is hardly available. Present-day GCMs are not very good in their predicted patterns of precipitation and precipitation change and moreover show little resemblance among themselves. An exception seems to be the ECHAM3 model at a T106 resolution (Ohmura et al. 1996) , but those results are only available for short time periods because of computer limitations. The snowfall rate, which is the relevant parameter for the mass balance, is in the model a fraction of the precipitation rate depending on the surface temperature. As long as the ice sheet does not drastically change its dimensions, the assumption of a stationary precipitation pattern is probably the best one can do. It at least ensures that the present state is represented in the best possible way.
The melt-and-run-off model is based on the degreeday method and is similar to the model described in Reeh (1991) . Although the annual melt rate depends on the details of the energy balance at the ice sheet surface, it is not feasible to perform a full energy balance calculation for all ice sheet points at all times. Moreover, van de Wal (1996) has shown that within the range of uncertainty of crucial parameters, the degree-day method and the energy balance method yield very similar results. The melt-and-runoff model further takes into account ice and snow melt, the daily temperature cycle, random temperature fluctuations around the daily mean, liquid precipitation, and refreezing of meltwater (appendix C).
The mass-balance model is driven by prescribed temperature changes. These arise from a coupled climate and ocean model, which is driven by prescribed equivalent CO 2 concentrations as a function of time. The climate model used for this purpose is a two-dimensional energy balance model, having latitudinal and seasonal resolution (Bintanja 1997) . The surface air temperature results from radiative fluxes at the surface and at the top of the atmosphere, from turbulent fluxes between the atmosphere and surface, from latitudinal heat transport, and from the calculated snow cover. It is coupled to an ocean model, which consists of three zonally averaged basins, representing the Atlantic, Pacific, and Indian Oceans, and which are connected by a circumpolar ocean basin, representing the Southern Ocean. The ocean temperature field is affected by ocean heat mixing, by advection by the mean flow, and by heat exchange at the surface. This coupled climate and ocean model was used in one of the sets of the IPCC96 sea level projections de Wolde et al. 1997) and is described in more detail in appendix D. Using similar forcings, the temperature results were compared to several coupled GCM results and found to be in good agreement (de Wolde 1996) . Resulting changes of the ice sheet geometries are too small in most of the experiments to have a significant influence on the climatic input. Therefore, the feedback of ice sheet changes on the temperature perturbations produced by the climate model are not taken into account.
Experimental setup
All results are obtained for a time window stretching from 1990 to 3000, with the year 1990 taken as the reference state to which results are compared. Instead of defining a reference state that is in equilibrium with present-day boundary conditions, as has been done in previous studies, we specifically opted to deal with the inertial effects associated with the various components of the ice sheet-climate system. That makes it necessary to start the calculations at an earlier time. All models were subsequently tuned within the error limits of crucial parameters to reproduce the present state of the ice sheets close to the initial data (Table 1) .
a. The present evolution of the ice sheets
Ice sheets and their underlying bedrock have the longest response timescales, which are on the order of 10 2 to 10 4 yr. Therefore, the ice sheet and bedrock models were first initialized with calculations over the last two glacial cycles. As initial conditions during the one-butlast interglacial served output from a similar glacial cycle run at the present time, so that in total four glacial cycles were calculated. Such a period is more than sufficient for the models to forget their start-up conditions. It was assumed that the observed present-day bedrock was in isostatic equilibrium with the observed present- (Huybrechts 1992 . All data use a constant grid-cell area on a polar stereographic projection with standard parallel at 71Њ latitude and have not been corrected for distortions caused by the map projection. Modeled and observed data are within 5%-10%, which is well within the range of uncertainty on the measured values. day ice and water loading. The latter may not be entirely the case but does not have much influence on the rate of change for the present day, which is of main interest. The temperature and accumulation forcings in these runs were, respectively, derived from the Greenland Ice-core Project ice core (Dansgaard et al. 1993 ) and the Vostok ice core records . The sea level history was derived from the spectral mapping (SPEC-MAP) group at Brown University stack (Imbrie et al. 1984) . The imbalance of the ice sheet is then defined by the thickness change at the present time. A calculation of this type provides an alternative over classic geodetic, remote sensing, or mass-balance techniques, which are unable to constrain the imbalance to better than Ϯ25% . The quality of such a calculation depends on how good past climatic conditions can be described and on how good the ice sheet models deal with dynamic aspects (such as ice-temperature evolution, flow law, grounding-line migration, etc.).
Area
The results of these simulations have been compared against available geological and glaciological (palaeo-) field evidence and were shown to be in reasonably good agreement (Huybrechts 1992; van Tatenhove et al. 1995) . In particular the retreat history of the ice sheet in central west Greenland is well constrained by field data. The retreat of the west Antarctic ice sheet, on the other hand, cannot be unambiguously confirmed by independent field evidence and takes place in the model between 9000 and 4000 calendar years before present. This timing coincides with the ICE-3G chronology derived from relative sea level data by Tushingham and Peltier (1991) , but other chronologies indicating an earlier retreat between 12 000 and 6000 years ago have also been proposed (e.g., Nakada and Lambeck 1988; Denton et al. 1990 ) Figure 1 displays the outcome of these simulations in a window comprising the last 500 yr and extending up to 500 yr after present. In these graphs, ice volume changes were transformed into global sea level changes by assuming a constant oceanic surface area of 3.62 ϫ 10 8 km 2 . It turns out that the Greenland ice sheet is near to stationary with only a small growing trend, corresponding to a global sea level lowering over the last 100 yr of around 0.10 cm only. This value is slightly lower than the 0.35 cm century Ϫ1 of sea level lowering reported in Huybrechts (1994b) , which is due to a slightly different forcing (GRIP vs a combined temperature record from the Dye3 and Camp Century ice cores), but the basic result is confirmed. The Antarctic ice sheet, on the other hand, is found to be still reacting to grounding-line retreat in west Antarctica following the last glacial-interglacial transition. In terms of sea level variations, the results indicate an imbalance equal to a global sea level rise of ϩ0.39 mm yr Ϫ1 averaged over the last 100 yr. Interestingly, Antarctica alone accounts for a significant part of the unexplained sea level rise over the last century . Up to the year 3000, the trend under constant climate forcing would produce a global sea level rise of 17.8 cm resulting from the Antarctic ice sheet and of only 0.49 cm due to changes of the Greenland ice sheet. Nevertheless, error bands remain substantial. This is particularly true for the Antarctic ice sheet, where small phase shifts in the forcing have a significant effect on the model outcome.
b. The temperature forcing in the future
To derive climatic scenarios for the future, the climate model was first calibrated against the seasonal cycle of present-day observations of surface air temperature, ocean temperature, and snow and sea-ice cover. Then a preindustrial model state was obtained by means of the
Radiative forcing derived for the low (2 ϫ CO 2 ), middle (4 ϫ CO 2 ), and high (8 ϫ CO 2 ) scenarios of this study as compared to the IPCC96 IS92a, IS92e, and IS92c scenarios with constant aerosol concentrations at the 1990 level. historical (1765) radiative forcing value. In order to deal with the effects originating from the thermal inertia of the oceans, and to circumvent the so-called cold-start problem (Hasselmann et al. 1993) , model scenario calculations then start from this preindustrial model state, following the observed historical radiative forcing values (Kattenberg et al. 1996 ) from 1765 to 1990.
We then prescribed three different scenarios of equivalent CO 2 concentration increases that approximately matched the IPCC96 constant-aerosol radiative forcing scenarios IS92c, IS92a, and IS92e until the year 2100 (Fig. 2 ). This could conveniently be done by prescribing equivalent CO 2 increases of 0.5%, 1%, and 1.5% per year, and transforming these in a radiative forcing using a sensitivity of 5.17 W m Ϫ2 (Bintanja 1997) for every e-fold increase in CO 2 concentration. These relations were extrapolated for another 30 years until 2130 to yield a radiative forcing of, respectively, ϩ3.61, ϩ7.16, and ϩ10.75 W m Ϫ2 above the level of 1990, which is equivalent to the effect of two, four, and eight times the present CO 2 concentration. When using the slightly different sensitivity value of 6.3 W m Ϫ2 adopted for the IPCC96 assessment (Kattenberg et al. 1996) , these final radiative forcings would, respectively, correspond to 608, 1068, and 1888 ppmv equivalent CO 2 , that is, 2.2, 3.8, and 6.8 times the preindustrial CO 2 concentration of 278 ppmv.
After the year 2130 and up to the year 3000, we opted for concentration stabilization at the 2130 level, simply because there are little concrete starting points to prefer one emission reduction scenario above another. Obviously, other emission scenarios would yield a different temperature response and hence lead to different predictions of global sea level change, but the three scenarios established here are believed to cover a realistic bandwidth of temperature changes for a wide range of possible emission scenarios (Walker and Kasting 1992; Kim and Crowley 1994; Wigley 1995) and moreover provide an acceptable range of boundary conditions to investigate the dynamic response of the Antarctic and Greenland ice sheet during the next thousand years.
The mean annual temperature evolution over both the Antarctic and Greenland ice sheets is displayed in Fig.  3 . It shows the typical transient response to a ''ramp'' forcing, exhibiting nearly linear temperature increases up to 2130 A.D., followed by a slow warming after that due to the delayed response of the ocean. Such behavior is very similar to GCMs subjected to a comparable forcing (e.g., Manabe and Stouffer 1993) . The ensuing latitudinal and seasonal temperature changes in the year 3000 for the middle scenario are presented in Fig. 4 , showing how the warming is largest near to the poles and during the winter. That is also in agreement with most GCM results. 
Future ice sheet changes
To facilitate interpretation of the results, an overview of the experiments, with a brief description of their differences and their main result, is presented in Tables 2  and 3 . Figure 5 shows the projected sea level changes of both ice sheets for the three scenarios up to the year 2100 A.D. By 2130 A.D., when greenhouse gas concentrations stabilize at, respectively, two (low), four (mid), and eight times (high) their present values, the projections for Greenland range between 6.8 cm (grlow) and 41.1 cm (grhigh), with a ''best'' projection of 20.3 cm (grmid), whose values are almost twice as much of those shown for 2100 A.D. in Fig. 5 . The background evolution (grcon) during this time interval is negligible compared to the climatic change runs, so that the assumption of stationarity seems to be justified for the Greenland ice sheet. For the Antarctic ice sheet, on the other hand, the situation is entirely different. Here, the response is dominated by the background trend until at least the end of the twenty-first century. Only after that date a growing trend, resulting in a sea level fall, becomes evident. Sea level contributions by the year 2130 are, respectively, ϩ6.0 cm (background trend), and between Ϫ0.6 cm (antlow), Ϫ6.4 cm (antmid), and Ϫ11.1 cm (anthigh) for the perturbed runs.
a. Projected contributions to global sea level
Interestingly, both ice sheets balance one another up to the second half of the twenty-first century, but only as far as their behavior relative to the background trend is concerned. For instance, by the year 2100 in the middle scenario (identical to the IPCC IS92a scenario; Houghton et al. 1996) , the Greenland ice sheet would contribute ϩ10.6 cm to the global sea level stand and the Antarctic ice sheet Ϫ8.1 cm (relative to the background trend), but in the high scenario these numbers have already diverged to ϩ21.2 and Ϫ11.6 cm, respectively. Beyond the next century, or after taking into account the predicted imbalance for the Antarctic ice sheet, this approximate balance no longer holds, and the Greenland ice sheet clearly dominates the response, in spite of the fact that it contains about eight times less ice than the Antarctic ice sheet. That is because changes in Greenland's mass balance are dominated by melting, which has a much larger sensitivity to temperature change than precipitation. Fig. 7 . Details of the experimental setup are listed in Table 3 . Except for the high scenario, grounding-line migration is very limited.
FIG. 6. Longer-term response of the Greenland ice sheet to three climatic warming scenarios (low, 2 ϫ CO 2 ; mid, 4 ϫ CO 2 ; high, 8 ϫ CO 2 ) up to the year 3000 A.D. expressed in equivalent changes of global sea level. In these experiments, the background evolution (grcon) is retained as a contribution.
Although the predicted warming approximately stabilizes after the middle of the twenty-second century, that is not at all the case for the ice sheet's response, which continues to react to the imposed climatic change. For the Greenland ice sheet (Fig. 6) , this occurs at an almost constant rate of between 9 cm century Ϫ1 (grlow) to up to 60 cm century Ϫ1 (grhigh) of global sea level equivalent. In the latter case, the Greenland ice sheet has lost about three-quarters of its volume and has shrunk to 30% of its present-day area.
The behavior of the Antarctic ice sheet is much more complicated (Fig. 7) . For temperature rises below about 6ЊC (low and middle scenarios), the ice sheet displays a small but continuous growing trend that produces a global sea level fall of between 30 and 50 cm by the end of the next millennium, that is, an order of magnitude smaller than the response of the Greenland ice sheet, but of opposite sign. The response to the high scenario, on the other hand, at first displays a growing ice sheet, but this is reversed after the year 2400. As shown in Fig. 8 , this reversing trend is due to the onset of significant grounding-line migration, which is only minimal in the middle and low scenarios. The corresponding loss of grounded ice by the year 3000 in the high scenario involves a surface area of about 3.25 ϫ 10 5 km 2 , or about 2.5% of the total grounded area of the present ice sheet. A further analysis indicates that this grounding-line retreat is due both to increased surface melting in the marginal zone and to the effect of a warming ice shelf. The latter causes the ice shelf to deform more easily, which leads to larger flow velocities and a thinning. Grounding-line retreat follows when the thinning propagates across the grounding line and hydrostatic equilibrium needs to be restored.
A comparison of these results (Huybrechts and Oerlemans 1990; Huybrechts et al. 1991) with older versions of the mass-balance and ice sheet models display VOLUME 12
Ratio of mean ablation to mean accumulation over the Greenland ice sheet (a) and the Antarctic ice sheet (b) for the various warming scenarios discussed in the paper (low, 2 ϫ CO 2 ; mid, 4 ϫ CO 2 ; high, 8 ϫ CO 2 ). some differences, especially for the high scenario. On the one hand, the Greenland ice sheet melts more quickly. That can be explained by the higher sensitivity of the mass-balance treatment adopted in this paper for warmer climates. A distinction is made here between rainfall and snowfall, and the formation of superimposed ice now depends on temperature. For mean monthly temperatures above ϩ2ЊC, more than half of the precipitation is now modeled to occur as rainfall, which will increasingly run off as the parameterization does not allow for the production of superimposed ice for mean annual temperatures above the freezing point. An important change in the Antarctic ice sheet model, on the other hand, concerns the treatment of the effective viscosity of the ice shelf, which depends on the temperature of the ice. In the 1990 paper, viscosity changes immediately followed surface temperature. In this work, a characteristic time lag of * ϭ 500 yr was introduced (cf. appendix A), which makes the ice shelf thin less rapidly and leads to less grounding-line retreat.
b. The importance of surface melting
The role of surface melting in the evolution of both ice sheets is demonstrated in Fig. 9 , showing the ratio of mean ablation rate relative to the mean accumulation rate. A ratio of 100 means that the amount of snowfall that accumulates on the ice sheet's surface runs off at the margin. Such an ice sheet can only exist in steady state provided there is no calving. For a ratio higher than 100, the ice sheet must shrink until the balance between accumulation on the one hand and runoff and calving on the other hand can be restored, for instance, by modification of its height-elevation distribution. For a ratio less than 100, the stability of the ice sheet will depend on the amount of calving. As shown in Fig. 9a (Greenland ice sheet), there is at present a roughly 50%-50% ratio between runoff and calving (assuming a balanced mass budget, which the background evolution suggests). Only in the low scenario does the ice sheet tend to a new stationary state, involving a smaller ice sheet with a higher height-to-width ratio. In the middle and high scenarios, however, melting is far too strong to be countered by increased accumulation and the Greenland ice sheet is irreversibly melting down on a timescale on the order of a few thousand years. The upper curve (grhigh) shows how the height-mass-balance feedback becomes active after 2300 A.D. That is because a melting ice sheet produces lower surface elevations, which in turn enhances the melting.
On Antarctica (Fig. 9b) , surface runoff is insignificant (Ͻ5%) for the low and middle scenarios. As these scenarios involve little grounding-line migration (Fig. 8) , the bulk of the response must be due to the effect of the increased accumulation rates as superimposed on the background trend. Runoff becomes more significant in the high scenario, however. As the melting is confined to the low-lying coastal areas, this also leads to some grounding-line migration.
The fundamental difference between the behavior of the Greenland and Antarctic ice sheets is due to how surface mass balance varies with temperature. On the Antarctic ice sheet, the increase in accumulation rates is able to outweigh the increase in runoff for temperature rises below about 5ЊC (Huybrechts and Oerlemans 1990 ), which in absolute terms then represents less than 10% of the total accumulation. Runoff balances accumulation only for temperatures more than 11ЊC above present levels. The Greenland ice sheet, on the other hand, today already experiences important summer melting. Here, runoff would exceed accumulation for a temperature rise of only 2.7ЊC .
The role of ice dynamics
To better investigate the role of ice dynamics in the ice sheet's response, three different experimental setups Table 2 and in the text (grdyn, dynamic response; grstat, static response; grfix, fixed-geometry response).
are defined. A distinction is made between a static, a dynamic, and a fixed-geometry response.
The dynamic response is the one discussed so far in which there is a full coupling between the climatic perturbation, the mass balance, the ice thickness, and the stress distribution. The ice flow is in this case allowed to react to changes in the specific balance, the bedrock response, and the driving stress (ice thickness and surface slope).
In the static response, changes in ice flow and bedrock response are excluded. In effect, the local flux divergence (flow pattern), and for Antarctica also the grounding line, are kept constant, but changes in ice thickness can still feed back on the mass balance.
For the fixed-geometry response, the ice sheet geometry is kept entirely constant, and only perturbations with respect to the present mass balance are integrated forward in time. In this case, the additional warming resulting from a lowering of the surface in the ablation zone is thus excluded.
The maximum amount of ice that can melt away is limited by the available ice thickness in all three cases. Comparing the dynamic with the static run isolates the role of ice dynamics proper, while a comparison between the static and fixed-geometry runs provides information on the strength of the elevation-mass balance feedback.
All runs (dynamic, static, fixed geometry) are considered relative to the background evolution resulting from past changes in boundary conditions.
a. The Greenland ice sheet
Results for the Greenland ice sheet are displayed in Fig. 10 . These are for the middle warming scenario (4 ϫ CO 2 ), but the behavior is qualitatively similar for the other scenarios. Clearly, the various experimental setups lead to large differences. After a 1000-yr integration (Figs. 10b, d) , there is a factor of 2 difference in the change of ice volume depending on how the ice sheet is allowed to interact with a changing surface mass balance. The inclusion of ice dynamics at first leads to a counteracting effect that makes the ice sheet shrink less rapidly. As shown in Figs. 10a and 10c , this is evident already from the beginning of the integration. Compared with the static run, the change of ice volume is reduced by 10% at 2015 A.D., by 20% at 2050, and by 24% at the year 2100, when it reaches a maximum. This counteracting effect can be explained by a dynamic thickening of the ablation area.
Two mechanisms appear to be responsible for the dynamic effect: the first is that surface slopes at the margin are steepened in response to increased balance VOLUME 12
gradients. These can only be matched by larger ice fluxes across the equilibrium line and thus induce an increased transfer of ice mass into the melting zone, which leads to a thickening. The second mechanism involves a lower calving flux, as the velocity near to the margin, which depends on ice thickness to the fourth power (shear stress), is reduced because of the thinning and thus leads to less outflow of ice toward the ocean. Both mechanisms thus cause a higher surface level of the ablation zone, and consequently to less melting than would be the case when ice dynamics was not included.
After the twenty-first century, the counteracting effect introduced by ice dynamics gradually weakens and even changes sign after the year 2500 A.D. An explanation can be found by closer inspection of the evolution curves for surface area (Figs. 10c, d ). Unlike the curves for ice volume, the curves for surface area do not show a dynamic effect that becomes stronger than the static effect after the year 2500 A.D. In Figs. 10c, d , the ice sheet domain in the static case is seen to shrink consistently more rapidly than the dynamic case by between 20% and 30% all along the integration. The mean thickness of the ice sheet is given by total volume divided by total surface area. It appears that the reversal of the counteracting effect in the volume response is coincident with a break in the evolution of mean ice thickness, which is found to increase until the year 2500 in line with a steepening of the surface slopes, but decreases quickly after that date. This suggests that ice dynamics causes a thinning of the central areas of the ice sheet after several centuries, which increasingly makes the ice sheet more vulnerable to the imposed warming.
Comparing the static run (grstat) with the fixed-geometry run (grfix), on the other hand, brings to light the equally important role played by the height-massbalance feedback. This feedback arises because a lowering surface in the ablation zone creates a warmer surface climate and thus more melting. This is a positive feedback and is found to significantly speed up the wastage of the ice sheet and thus competes with the dynamic effect as described above. From Fig. 10 , it can be seen that both effects roughly balance each other until the middle of the twenty-third century, but that after that date, the height-mass-balance effect must either become stronger and/or the counteracting effect introduced by ice dynamics must become weaker.
Apparently, neither ice dynamics nor the heightmass-balance feedback can be ignored when investigating the response of the Greenland ice sheet to future warming, and this not even on a century timescale.
Snapshots of the resulting ice sheet topographies in several runs are presented in Fig. 11 . These show that margin retreat occurs most readily in the dry north and northeastern parts of the Greenland ice sheet and is followed later at the western side of the ice sheet. One of the implications is that in a warming climate calving in those parts must cease quickly and that ice wastage is taken over by meltwater runoff only. According to the simulations, calving glaciers are likely to survive the longest in the southeastern part of the Greenland ice sheet, where climatic conditions are at their wettest and equilibrium lines at their lowest. There, the ice sheet continues to extend down to sea level, even in the high scenario at the year 3000. One of the weakest points of the Greenland ice sheet then appears to be the saddle connecting the southern dome with the main ice sheet and that is also the place where the ice sheet separates into two smaller ice masses. The elevation of the central dome, on the other hand, is not much affected by marginal retreat and moreover does not seem to migrate much during decay of the Greenland ice sheet.
b. The Antarctic ice sheet
Because of its different climatological and glaciological setting, a parallel study on the Antarctic ice sheet provides an interesting contrast with the mechanisms described above. On the Antarctic ice sheet, surface melting is of minor importance and changes in the ice sheet configuration are primarily caused by groundingline movements resulting from ice sheet-ice shelf interactions.
1) THE EFFECT OF ICE DYNAMICS IN THE STANDARD RUN
As shown in Fig. 12a , the incorporation of ice dynamics produces a clear counteracting effect, which progressively becomes stronger in time, causing the Antarctic ice sheet to contribute 6.3% less to the global sea level lowering by the year 2100 than would result from the direct mass-balance effect alone (static effect). This figure gradually rises to 30.8% by 2500 A.D. and to 56% at the end of the integration (3000 A.D.). As can be seen in Fig. 12b , this dynamic effect cannot be due to grounding-line migration, because there is hardly any change in the grounded ice sheet area (the total range involves only 18 gridpoints or 0.2% of the total area). Moreover, if anything, there is a seaward migration of the grounding line (mainly in the Ross and Ronne-Filchner ice shelves in response to the local thickening of some tens of meters), and this would produce an effect of opposite sign. Nor is there any significant runoff (Fig. 9b) . A careful analysis revealed that the dynamic effect (after correcting for the background trend) causes the growth of grounded ice volume to slow down mainly because of an increase of the ice flux across the grounding line, which thus, in part, counteracts the thickening effect due to the increased accumulation rates. This increase of the flux across the grounding line is a result of both the local thickening at low elevations near to the grounding line, producing higher-shear stresses, and of an increased ice-mass discharge on the ice shelves that pulls the ice out of the grounded ice sheet and is effective a few grid points inland. This behavior reflects the comparably short response timescales near to the grounding
11. Snapshots of Greenland surface elevation for the experiments and times indicated in the lower-right corner and further detailed in Table 2 and the main text. The ice sheet margin is easily distinguished by its high surface slope. Contour interval is 250 m.
line and in the ice shelf as compared to the bulk of the grounded ice sheet.
Comparing the static run (antstat) with the fixedgeometry (antfix) run in Fig. 12a brings to light that the height-mass-balance feedback is only of minor importance. This feedback reduces the growth of the ice sheet somewhat, basically because a thickening over the plateau leads to a lower mass balance. Nevertheless, the effect is very small and amounts to only 0.6% by the year 2100, 4.9% at 2500 A.D., and 9.1% at the end of the integration (3000A.D.) That is because of the very low accumulation rates and the absence of significant melting.
Also here, it appears that changes on the Antarctic ice sheet cannot be properly studied without taking into account ice dynamics, but in contrast to the Greenland ice sheet, the dynamic effect can be neglected on a century timescale and the height-mass-balance effect hardly plays a role.
2) THE EFFECT OF ICE SHELF TEMPERATURE
With most of the dynamic effect originating in the ice shelves, it is appropriate to concentrate in more detail on factors controlling its behavior, which were so far excluded from the analysis. A first factor concerns the treatment of the ice shelf temperature, which controls its effective viscosity. Warmer ice causes the ice shelf to deform more rapidly, leading to larger strain rates and a thinning. Transmission of these features across the grounding line will force the outflow from the grounded ice sheet to increase (because of larger shear stresses and longitudinal stress gradients) and will eventually lead to grounding-line retreat. In the standard run (antdyn), it was assumed that the ''effective'' deformation temperature of the ice shelf follows changes in the surface temperature with a characteristic time lag of 500 yr.
The effect of either excluding ice shelf warming (anttinf, * ϭ ϱ) or of an ice shelf that reacts instan-
12. Evolution of Antarctic ice volume (a) and grounded ice sheet area (b) in a series of experiments testing the role of ice dynamics. To enable a better comparison, all results are shown relative to the background trend (antdyn, dynamic response; antstat, static response; antfix, fixed-geometry response).
FIG. 13. Evolution of Antarctic ice volume (a) and grounded ice
sheet area (b) in a series of experiments testing the effect of ice shelf temperature on grounding-line migration (anttinf, the effective ice shelf deformation temperature is fixed throughout the experiment; anttzero, the ice shelf temperature follows the surface perturbation instantaneously; antdyn, the characteristic timescale for ice shelf temperature change is 500 yr).
taneously to the applied surface warming (anttzero, * ϭ 0) is shown in Fig. 13 . It turns out that on the timescale considered in this paper (1000 yr), there is not so much difference between the runs with * ϭ ϱ and * ϭ 500 yr, but the assumption of an instantaneous warming of the shelf (* ϭ 0) is found to lead to substantial grounding-line retreat. The ensuing reduction of ice volume (Fig. 13a ) would in that case cause a global sea level rise of 1.35 m by the year 3000, which more than offsets the ice sheet growth resulting from the increased accumulation rates. The effect is evident right from the beginning of the integration. In the * ϭ 0 run, grounding-line retreat compensates the growing trend due to the rising accumulation rates by 29% at 2050 A.D., by 41% at 2100 A.D., and becomes dominant after the year 2275 A.D. At that time, grounding-line retreat causes the Antarctic ice sheet to contribute positively to the global sea level stand. Clearly, the viscosity of the ice shelf constitutes a major control on grounding-line movements.
3) THE EFFECT OF BASAL MELTING BELOW THE ICE SHELVES
In all of the experiments discussed so far, basal melting beneath ice shelves was excluded from the forcing. This is simply because it is not well known how the oceanic circulation and heat exchange beneath ice shelves will react to a climatic warming and higher ocean temperatures. Factors such as summer ocean warming, length of the period with open water, thermohaline properties of the source water and the water circulation below the ice shelf are all expected to play a role, but a clear relation between temperature change and basal melting rates has not been established. Recent studies indicate that basal melt rates of up to 10 m yr Ϫ1 are well possible (Determann et al. 1991; Jacobs et al. 1996) , though evidence has also been found for large areas of basal accretion below the Filchner-Ronne ice shelf (Oerter et al. 1992 ). Large melt rates thin the ice shelves, also near the grounding line, which should induce grounding-line retreat when transmitted to the grounded ice sheet. This transmission occurs in the model in two ways: steeper gradients across the grounding zone cause larger driving stresses, and higher deviatoric stress gradients across the grounding line contribute to the softening of the ice (Huybrechts 1990) .
The effects of applying melt rates of between 1 and 10 m yr Ϫ1 are summarized in Fig. 14. These melt rates
14. Evolution of Antarctic ice volume (a) and grounded ice sheet area (b) in a series of experiments testing the effect of basal melting below the ice shelves. Here S is the basal melting rate in m yr Ϫ1 .
were not applied stepwise but were proportional to the mean annual temperature rise over Antarctica between 1990 and 2130 (Fig. 3) . As can be judged from Fig. 14, melting below ice shelves is another very effective way to induce grounding-line retreat, which by the year 3000 eventually involves an area of between 2.2% (ants1, S ϭ 1 m yr Ϫ1 ) and 3.9% (ant0, S ϭ 10 m yr Ϫ1 ) of the present ice sheet. Relative to the standard run without basal melting, the corresponding contributions to global sea level rise at 2500 A.D. are, respectively, ϩ36 cm (S ϭ 1 m yr Ϫ1 ), ϩ77 cm (S ϭ 3 m yr Ϫ1 ), ϩ112 cm (S ϭ 5 m yr Ϫ1 ), and ϩ144 cm (S ϭ 10 m yr Ϫ1 ), and thus generally of larger magnitude than the surface massbalance effect of Ϫ46 cm obtained in the standard run (antdyn). Also here, the effect is evident from the beginning of the integration, but it lasts to between 2055 A.D. (S ϭ 10 m yr Ϫ1 ) and 2345 A.D. (S ϭ 1 m yr Ϫ1 ) before the effect of basal melting is large enough to counteract the surface mass-balance effect and cause Antarctic ice volume to decrease relative to the background evolution.
It is worth mentioning that the sensitivity of the Antarctic ice sheet to basal melting is not linear to the applied melt rate. From Fig. 14 , it can be seen that the total retreat tends to a maximum for the highest melt rate. The reason is simply that the ice shelf thickness is eventually reduced to its minimum value of 10 m allowed for in the model. This minimum value is required in the finite-difference formulation of the model for numerical reasons (MacAyeal et al. 1996) but is physically equivalent to a nonexisting ice shelf. In terms of global sea level, the maximum rate of retreat in these experiments was found to be equivalent to about 25 cm century Ϫ1 . Though leading to substantial grounding-line retreat, we tend not to interpret this as an unstable collapse in the sense given to it in early papers by, for example, Mercer (1978) . It is also realized, however, that the fast ice streams presently bordering the Ross ice shelf (but not elsewhere) are not explicitly modeled here and that the possibility of calving near the grounding line was not considered in case the ice shelves would disintegrate entirely. These factors could potentially speed up the response, though views on the possible role of ice streams and calving differ widely (e.g., Bentley 1997) . Figure 15 shows the resulting ice sheet geometries in those experiments that resulted in discernible changes of the ice sheet extent. The figure clearly makes the point that most of the change involves grounding-line retreat along the Ross Sea. For the middle scenario experiment with S ϭ 10 m yr Ϫ1 (ants10) this occurs over a maximum distance of up to 500 km. Changes in the geometry of the east Antarctic ice sheet, on the other hand, are hardly distinguishable on the scale of the plots but involve a thickening of up to 100 m on the plateau and some grounding-line retreat along the most overdeepened outlet glaciers in the lower-right quadrant of the plotted ice sheet (in particular Totten, Ninis, and Mertz glaciers).
Conclusions
The results discussed in this paper indicate that on a multiple-century timescale the largest contribution to global sea level is to be expected from melting on the Greenland ice sheet. A likely estimate for the Greenland contribution to sea level rise is around 10 cm by the year 2100, with the possibility of a sea level rise of several meters by the year 3000 if greenhouse warming conditions are sustained after that. Even if greenhouse gas concentrations would stabilize by the early twentysecond century, Greenland meltdown is found to be irreversible for equivalent CO 2 concentrations more than twice the present value, reflecting the inertia of the system. On all timescales, ice dynamics and the heightmass-balance feedback were found to play a significant role to modify the mass-balance-only effect, whereas the present evolution of the ice sheet was small compared to the response to future warming.
The results for Antarctica provided a remarkable contrast. Here, the background trend would dominate the short-term (century) response and the ice-dynamic effect only becomes important on the longer term. Up to the end of the twenty-first century, the Antarctic ice
15. Snapshots of Antarctic surface elevation for the experiments and times indicated in the lower-left corner and further detailed in Table 3 and the main text. These plots demonstrate that changes are mainly restricted to grounding-line recession in west Antarctica, whereas the east Antarctic ice sheet is hardly affected. Contour interval is 250 m; the lowest contour is close to the grounding line. All plots are for the middle scenario (4 ϫ CO 2 ).
sheet would roughly balance the sea level contribution of the Greenland ice sheet because increased accumulation rates would dominate over any melting. On the longer term, on the other hand, ice dynamics is found to contribute positively to sea level rise because of increased outflow into the ice shelves and grounding-line retreat along the west Antarctic ice sheet. Both effects were found to be quite sensitive to the basal melting rate below the ice shelves and the effective viscosity of the floating ice. Although basal melting rates of up to 10 m yr Ϫ1 show that substantial grounding-line retreat is certainly possible, the corresponding maximum rate of sea level rise of 25 cm century Ϫ1 produced by the model does not, in our view, support the concept of a catastrophic collapse or strongly unstable behavior of the west Antarctic ice sheet.
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APPENDIX A

Description of the Ice Sheet Models
The Greenland and Antarctic ice sheet models basically solve prognostic equations for the conservation of ice volume and heat: . Grounded ice flow is assumed to result both from internal deformation and from sliding over the bed in those areas where the basal temperature is within 1ЊC from the pressure melting point. Ice deformation in the ice sheet domain is assumed to result from shearing in horizontal planes, and longitudinal deviatoric stresses are disregarded. A flow law of ''Glen type'' is used with exponent n ϭ 3 and a rate factor A(T ice ), which depends on temperature and obeys an Arrhenius relation,
where are the strain rate components related to veij locity gradients by definition, the stress deviators, Ј ij and the effective stress defined in terms of all stress deviator components so that it is independent of the coordinate system. Here m is an enhancement factor that reflects the uncertainty in the rate factor and basically serves a tuning purpose.
Expressions for the horizontal velocity components result from substituting equations for the shear stress distribution (z) in the flow law and integrating the result with respect to the vertical. This yields
with geological reconstructions on a glacial-interglacial timescale.
The rate factor, which is inversely proportional to the viscosity of the ice, depends primarily on temperature (Huybrechts and Oerlemans 1988) . In the Greenland model, the rate factor furthermore allows for different mechanical characteristics of Holocene and ice-age ice, the latter of which is made to deform three times faster for the same stress and temperature conditions. The enhancement factor m [Eq. (A4)] was set at 4.5 for grounded ice and at 1 for ice shelves. Because the temperature field of ice shelves is strongly influenced by basal melting, which is poorly constrained, a full thermodynamic calculation in ice shelves was not made. Instead, it is assumed that the rate factor reflects vertically integrated conditions and that the effective deformation temperature T* (defined as the arithmetic mean of the shelf's surface temperature and the freezing temperature of sea water) follows changes in surface temperature ⌬t by a time lag *:
From a simple one-dimensional heat flow model, it was derived that primarily depends on the ice thickness squared divided by the thermal diffusivity, whereas the magnitude of the mean ice shelf temperature change was primarily a function of the mass balance (advection). A value of 500 yr was adopted for *, which is the characteristic timescale for heat conduction in a shelf with typical thickness of 500 m. The horizontal resolution is 20 km for the Greenland model and 40 km for the Antarctic model. The Antarctic model has 11 layers in the vertical and the Greenland model has 26, with the closer spacing near to the bedrock where the shear concentrates. Rock temperatures are calculated down to a depth of 2.5 km, with a total of six points that are equally spaced 500 m apart. The finite-difference schemes are implicit in time, either alternatively in the x and y directions for the mass continuity equation, or only along the vertical for the thermodynamic equations, and were rigorously tested within the framework of the EISMINT Intercomparison Project . All spatial differences are of second-order accuracy, including the upstream differences required to deal with the advection terms in the thermodynamic equation.
APPENDIX B
Description of the Isostasy Model
The bedrock adjustment model consists of an elastic plate (lithosphere) that overlies a viscous asthenosphere. This means that the isostatic compensation not only considers the load just above, but integrates the contributions from more remote locations, which gives rise to deviations from local isostasy. The downward deflection w created by a point load q for a floating elastic plate is a solution of
where D represents the flexural rigidity [1 ϫ 10 25 N m] and m gw is the upward buoyancy force exerted on the deflected part of the lithosphere inside the asthenosphere, with m the mantle density (3300 kg m Ϫ3 ). The deflection w at a normalized distance x ϭ r/L r from the point load can be written as A point load will cause a depression within a distance of four times L r (L r ϭ 130 km for a 115 km thick lithosphere). Beyond this distance, a small bulge appears. As lithosphere deflection is a linear process, the total deflection at each point is calculated as the sum of the contributions of all the neighboring points within a distance of about five to six times L r (650-780 km). The loading takes into account contributions from both ice and ocean water.
The asthenosphere responds to changes in the loading in a damped fashion with a characteristic timescale ⌰ of 3000 yr:
0 ‫ץ‬t ⌰ where h 0 is the undisturbed bed topography when the load is removed and isostatic rebound is complete. The latter treatment to accommodate for the viscous response of the asthenosphere is preferred over the diffusion approach employed in previous versions of the model, which was characterized by an unrealistic relation between the size of the load and the relaxation time (Le Meur and Huybrechts 1996) .
APPENDIX C
Description of the Mass-Balance Model
The mass-balance model has been updated with respect to previous studies and is therefore described in more detail. Central to the various mass-balance components are parameterizations for surface temperature derived from climatic data. For the Antarctic ice sheet, the following relations were adopted:
And for the Greenland ice sheet, The precipitation model makes a distinction between snowfall and rainfall. The snow accumulation rate is defined as the fraction of precipitation that falls at surface temperatures below 2ЊC:
where R is the time fraction of the year during which temperatures are above 2ЊC, and Prec and Acc (both expressed in m yr Ϫ1 of ice equivalent) are the precipitation and the accumulation rate, respectively. The fraction R is calculated with a statistic that is normally distributed and centered on the curve of the mean daily temperature with a standard deviation of 5ЊC, accounting for random temperature fluctuations and the daily cycle:
Precipitation in different climates are calculated as ratios of the presently observed precipitation intensities, as digitized from maps (Ohmura and Reeh 1991; Huybrechts and Oerlemans 1990) . For the Antarctic, the following procedure is adopted:
where T inv (K) is the mean annual temperature above the surface inversion layer, T sur (K) the mean annual surface temperature, Prec the precipitation rate (in m yr Ϫ1 of ice equivalent), and T 0 ϭ 273.16 K. This treatment is based on the observation that the accumulation rate over Antarctica appears to be well correlated with the water vapor pressure gradient relative to the condensation temperature above the surface inversion layer, as established on a glacial-interglacial timescale (Robin 1977; Lorius et al. 1985) . For surface temperatures prevailing over Antarctica, resulting precipitation rates are typically doubled for a temperature rise of 10ЊC.
Above the Greenland ice sheet a more simple parameterization is employed that is however inspired by the same physical principle. Here, the presently observed precipitation rate is prescribed to vary by a sensitivity (1 ϩ s) for every degree of temperature change ⌬T:
where Prec(0) and Prec(⌬T) are precipitation rates [m yr Ϫ1 ] for present conditions and for a temperature perturbation ⌬T, respectively. The temperature dependence of the factor (1 ϩ s) is a refinement with respect to previous studies. It combines the change in precipitation rate per degree Celsius of 5.33% found by Clausen et al. (1988) from shallow ice cores spanning the late Holocene with the 8%-9% value derived by Dahl-Jensen et al. (1993) for the upper 2321 m of the GRIP core. The relation adopted in (C13)-(C14) is also in better agreement with accumulation studies conducted on the Greenland Ice Sheet Project 2 core (Kapsner et al. 1994) . For a temperature rise of 5ЊC, precipitation rates increase by 27.6%, and for a cooling of 10ЊC, they are reduced by 61.4%.
Following procedures successfully adopted previously , the amount of melting is conveniently obtained from a degree-day model. The total amount of positive degree days (PDD) is obtained as
where is also taken as 5ЊC (Reeh 1991) . The annual number of positive degree days represents a melt potential, which is subsequently used to melt snow and (superimposed) ice with degree-day factors of 0.003 m (PDD) Ϫ1 and of 0.008 m (PDD) Ϫ1 of ice equivalent, respectively.
The liquid water produced by the model (meltwater and rain) will at first refreeze in the snowpack and produce superimposed ice. Refreezing of meltwater is an important process on Greenland and in the Canadian Arctic and can be expected to significantly retard runoff on Antarctica when melting starts in a warmer climate. In the model, the amount of refreezing depends on the cold content of the upper ice sheet layers, which puts an upper limit on the production of superimposed ice [m yr Ϫ1 ]:
The maximum amount of superimposed ice is equivalent to the latent heat released to raise the temperature of the uppermost 2 m of the ice sheet surface from the mean annual temperature to the melting point T m (L: latent heat of fusion, 3.35 ϫ 10 5 J kg Ϫ1 ; c p : specific heat capacity of ice, 2009 J kg Ϫ1 ЊC Ϫ1 ). This value gives a good fit to a number of detailed measurements reported by Ambach (1963 ) (cf. Oerlemans 1991 . Once this upper limit is reached, any additional snowmelt and/or rainfall is assumed to run off. In this treatment, the yearly mass balance thus becomes negative when all of the yearly snowfall and superimposed ice, if any, has melted away. Because of their very low surface slopes, the model further assumes that the meltwater produced on the surface of the Antarctic ice shelves does not run off but refreezes in situ. The mass-balance treatment over Antarctica and Greenland is the same for warmer as well as for colder climates than today. The main effect of the modifications of the mass-balance model with respect to earlier versions (Huybrechts and Oerlemans 1990; Huybrechts et al. 1991 ) is to yield a higher sensitivity in warmer climates, which is also more in accordance with energy-balance calculations (van de Wal 1996) .
APPENDIX D
Description of the Climate and Ocean Model
The zonal mean energy-balance climate model has a vertical and latitudinal resolution and resolves the seasonal cycle. The ocean model consists of three zonally averaged ocean basins, representing the Atlantic, Pacific, and Indian Oceans, which are connected by a circumpolar ocean basin, representing the Southern Ocean. The model has a prescribed ocean circulation and includes several parameterizations of ocean heat mixing due to unresolved eddies. The ocean temperature fields are affected by ocean heat mixing and by advection by the mean flow. At the surface, the oceans exchange radiative and turbulent energy with the atmosphere: where r is the earth's radius and the latitude; T oce the ocean temperature; f the fractional ocean width for each basin separately ( f atl ϩ f pac ϩ f ind ϭ 1 Ϫ f land ); u the meridional velocity, w the vertical velocity; z the vertical coordinate; D h and D the horizontal and vertical diffusion processes, respectively; SH and LH the turbulent sensible and latent heat fluxes at the surface, respectively; ⌬L oce and ⌬S oce the net longwave and shortwave radiative fluxes at the surface, respectively; w the density of sea water; c w the specific heat capacity of sea water; and d s the thickness of the uppermost ocean layer (75 m). The last term on the right-hand side, which represents the surface energy exchange with the atmosphere, applies to the surface layer only. The ocean model is identical to that described by de Wolde et al. (1995) , but includes a representation of sea ice. Since horizontal variations in sea ice extent are assumed to affect the surface energy budget most by means of the albedo, these are calculated as described by Bintanja (1997) . Sea ice forms with a specified thickness of 1.5 m and the formation is determined by thermodynamics only.
In the climate model, which is identical to that used by Bintanja (1997) , the atmosphere is represented by a vertically and zonally averaged layer of air. Fluxes of shortwave and longwave radiation at the top and bottom of the atmospheric layer are calculated by means of parameterizations in terms of the solar zenith angle, cloud amount, cloud optical depth, water vapor content, and the amount of ozone and carbon dioxide. The absorption and reflection of solar radiation at the earth's surface are determined by the surface albedo of land, ocean water, and sea ice. The radiative effects of aerosols are not considered. Turbulent fluxes at the surface are determined by bulk formulas. The model is driven by the daily mean incoming shortwave radiation at the top of the atmosphere. The meridional heat transport is modeled as a diffusive process in terms of the atmospheric surface temperature. The meridional distribution of the atmospheric diffusion coefficient is taken from Harvey (1988) . The ''infinite wind'' case is adopted in the climate model to calculate the zonal heat transport between land and ocean. This means that one effective atmospheric layer is assumed that overlies the land as well as the ocean part of a latitudinal band. The zonal mean surface air temperature (T atm where r is the earth's radius and the latitude; D atm the atmospheric diffusion coefficient; SH and LH are the sensible and latent heat fluxes at the surface, respectively; ⌬L atm and ⌬S atm the divergence of the longwave and shortwave radiation, respectively; and R atm is the atmospheric thermal inertia. The last term on the righthand side represents the area-weighted zonal mean values of the individual atmosphere-surface energy fluxes above land and above the oceans.
The climate model was calibrated against the seasonal cycle of present-day observations of surface air temperature, ocean temperatures, and snow and sea ice cover. The climate sensitivity of the model (defined as the equilibrium global mean surface air temperature increase due to a doubling of the CO 2 concentration) is 2.2ЊC, close to the best estimate of 2.5ЊC based on observational evidence, on general circulation model studies and on sensitivity analyses (Kattenberg et al. 1996) .
